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RADIATION POLYMERIZATION OF ACETYLENE DERIVATIVES

I. SJMMARY

Exploratory research on the radiation-induced polymerizatlon of
acetylene derivatives to produce polyene polymers wilth useful
properties 1lncluded synthesils of acetylene derivatives, screening
monomers for radiatlon sensitivity, correlation of chemical
structure with sensitivity, attempts to establish optimum polymeri-
zation conditions, and characterization of the products.

Fifteen acetylene derivatives representing seven compound classes
were prepared, and flve others were supplled by the Research and
Engineering Division of Monsanto Chemlcal Company. Eight other
syntheses were attempted unsuccessfully. A total of 48 acetylene
derivatives were screened for radlation sensitivity during the
year. Radlation ylelds with G values* greater than 100 were
observed with propiolic acid, G = 322; 2-butyn-1,4-diproplolate,
G = 103; neopentylene diproplolate, G = 177; and pentzerythritol
tetraproplolate, G = 113. Other moderately radiatlon sensitive
systems include: phenylpropiolic acid, G = 73; phenylbromo-
acetylene, G = 94; 2-butyn-1,4-dlacetate, G = 96 and bis-1,4-
(hydroxyethyloxy)-butyne-2, G = 57. 1In general, the acetylenic
monomers exhibit good radiation sensitivity, but the products
obtalned appear to be of low molecular welght.

Based on the screening data, radiation sensitivity was correlated
with chemlcal structure. Among the functional groups affecting
radiation sensitivity, the carboxyl group appeared especlally
sensitive. Presence of the hydroxyl group appeared unrelated to
radiation sensitivity. Whereas monopropiolates were only fairly
radiation-sensltive, all polyproplolate esters studied were very
radiation sensitive.

In attempts to define optimum condltions for radiation-induced
polymerization by use of radiation-sensitive acetylene derivative
models, the following variables were studied: state; dose rate;
temperature; and use of complexing agents and sensitlizers. All
affected the radiation yilelds, but no consistent pattern emerged.

The products obtained from the above studies were mostly highly
colored flulids, indicating low molecular weights. The few solids
obtalned were evaluated for elect{%cal properties and resistivity
values ranging from 1.6x105 to 10 ohm-cm were obtained. FEow-
ever, the polymers differed little 1n electrical rroperties Ifrom
the corresponding monomers.

*G value = number of monomer molecules that polymerl-e
per 100 ev of radiation.

1

® MONSANTO RESEARCH CORPORATION o



II. PURPOSE

This investigation concerns the radiation-induced polymerization
of acetylene derivatives as a means of preparing high polymers
that are thermally stable and potentially useful as semiconductors.
Fulfilling this major objective includes establishing optimum
radiation conditions for polymerization or copolymerization to
high molecular welght materials, and evaluation of the products
for thelr mechanical, physlcal, thermal, hydrolytic, and semil-
conductor properties. The ultimate objective was to develop
polymeric materials that are useful in low-level nuclear radiation
detectors, infrared detectors, and solar photovoltalc converters
at temperatures ‘higher than the limiting temperature for present
silicon devices.

Secondary objectives 1ncluded correlation of chemlcal structure

with radiatlon sensitivity and an increased understanding of
the mechanism of radiation-induced chemical reactions.

ITI. DISCUSSION

BACKGROUND The radiation-induced polymerization of acetylene

derivatives was undertaken as a means of producing polyene
polymers that might have unique and useful properties. In
general, long chain polymers with uninterrupted conjugation are
expected to be thermally stable and to have semiconducting proper-
ties which could lead to practical applications.

The development of radiation produced polymers sultable for seml-
conductor devices such as nuclear radlation detectors, IR
detectors and solar photovoltailc converters, requires the follow-
ing steps: (1) radioiytic preparation of suitable polymers;

% physical and electrical testing; and (3) selection of those
materials potentlally applicable in specific devices.

In the first phase polyenes were selected as a class that could
have semiconductor properties and that could be obtained via the
radiation-induced polymerization of acetylene derivatives. Such
polyenes should have a relatively high molecular weight and high
melting point. In addition, they should be obtainable in quanti-
ties adequate for electrical tests. These criteria are quite
formidable and have consequently required most of the effort in
this study.

2
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It must be emphasized that the preparation of sultable polyenes
must be solved before the more practical testing and evaluatilon
phases can be undertaken. Thelr preparation included: (1)
screening studies to find acetylene derivatives sensitive to
radiation induced polymerization; (2) synthesls of specific
acetylene derivatives; (3) correlation of radiolytic sensitivity
wlth chemical structure; and (4) definition of optimum polymeri-
zation conditions to produse polyenes suitable for semlconductor
tests. Work accompllshed during thils year included each of these
areas in addition to limited chemilcal, physical and electrical
tests on specific polymers.

ACETYLENIC DERIVATIVE PREPARATION Fifteen acetylenic materials

representing seven compound classes were syntheslzed for radiolytic
testing. Included were seven proplolate esters, prepared by
p-toluenesulfonic acid catalyzed esterification: methyl proplol-
ate, (36%); n-butyl propilolate, (73%); isobutyl propilolate, (56%);
sec-butyl propiolate, (30%); propargyl propiolate, (28%); neo-
pentylene dipropiolate, (89%); and 2-butyn-1,4-dipropiolate.

Methyl proplolate was screened as the simplest propiolate ester
and used for study of the effect of acetylene bond complexes

such as the known methyl propiolate/pyridine complex on radiation-
induced polymerization. Irradiation of-complexed triple bonds

may facllitate polymerization to long chain polyenes, especially
if the resulting polyene 1s complexed or is protected from further
interaction. .

Isomeric butyl proplolates were prepared to correlate chemical
structure with radilation sensitivity. Propargyl propilolate was
screened as a model having an acetylenic group in both the acyl
and alkyl portions of the ester.

Neopentylene dipropiolate was prepared on a 2/3 mole scale to
allow sufficient material for study of the effect of temperature
and state on radlatlion polymerization.

The butyne diproplolate was selected as an analog of neopentylene
dipropiolate which readily forms solid polymers with radiation.
Neopentylene dlpropioclate polymers are highly crosslinked via the
fully saturated neopentylene group which inhibit charge transfer
between the chains. Thus replacement of the neopentylene group
with the electron-rich linear butynylene group could lead to
easler charge transfer and higher conductivity.

Phenylbromoacetylene was prepared in 11% yield by the interaction
of sodium hypobromite with phenylacetylene, and phenyliodoacetylene
was prepared in 65% yleld by the direct lodination of phenyl-
acetylene in 1liquid ammonia. These models of a disubstituted
acetylene contain a radiation-sensitive carbon-halogen bond and
should polymerize to a polyene contalning no hydrogens on the
carbon chain.

3
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A third disubstituted acetylene model was dliodoacetylene, made
in a 68% yleld by the direct lodination of acetylene in liquid
ammonia. This hazardous monomer, which explodes wlth friction
or shock, should yield a polyene containing only carbon and
iodine.

Two other acid derivatives were prepared for radiolytic screen-
ing. Acetylene dicarboxamide was prepared in 78% yield, by
conventional ammonolysis of the corresponding methyl ester.
Propiolyl chloride was synthesized in 18% yield by reaction of
proplolic acid with benzoyl chloride.

Phenylpropiolic acld and phenylpropargyl aldehyde were made to
extend the phenylacetylene series for study of the effect of
substituents on radiolytic polymerization. Phenylpropiolic acid
was made 1n a 2-step reaction starting with ethyl cinnamate.
Bromination to ethyl a,B-dibromo-B-phenylpropionate (82% yield)
and subsequent dehydrobromination and hydrolysis in ethanolic
potassium hydroxide gave phenylpropiolic acid (47% yield).
Proplolic acld polymerizes under irradiation in good yield to
low molecular weight materials. The phenylproplolic acid was
screened to see 1f substitution of the acetylenic hydrogen
Increases the degree of polymerization (by reduction of the
chain transfer process).

Phenylpropargyl aldehyde was made in a U4-step synthesis begin-
ning with cinnamaldehyde. Bromination of the aldehyde (66%
yield), protection of the aldehyde group of the bromo compound
by conversion to the acetal (83% yield), and dehydrobromination
of the acetal (90% yleld) gave phenylpropargyl aldehyde acetal.
Decomposition of the acetal to phenylpropargyl aldehyde gave
poor ylelds (6%) due to thermal polymerization of the desired
product during distillation.

SCREENING STUDIES Screening studles were conducted to define

the radlation sensitivity of the acetylenic bond and the scope
of such sensitivity. Results are encouraging.

Forty-eight acetylene derivatives were radiolyzed with Co-60
gamma-rays at dosages of 14 to 64 megareps (dose rate of 0.7
megarep/hr) to measure thelr radiation sensitivity. Monomers
used are summarized in Tables I and II and the radiation condi-
tions and results in Table TIT.

Most radiolyses were conducted with purified materials in pyrex
break-seal tubes under vacuum. The tubes were loaded via a
speclally built vacuum line (Figure 1) and placed in a five-tube
sample holder (Figure 5) for radiolysis with a 590 curie Co-60
source (Figures 6, 7, 8, 9, and 10). These radlolyses were

4
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performed by placing the sealed Co-60 rod into the sample holder
center tube (Figure 5) which was surrounded by the five tubes
contalning the glass sample tubes. Dosimetry measurements
showed a dose rate of 7x10° rep/hr and demonstrated that equal
intensities were delivered to each tube.

The acetylenic compounds used were synthesized or selected from
those available elther commercially or as research samples in
Monsanto. The sources of specific compounds are listed in
Table II along with the purlfication method. Most of the solid
compounds were irradiated at amblent temperatures. Liquid
samples were screened at dry lce temperatures.

After irradiation, the break-seal sample tubes were opened into
the vacuum line. No significant gaseous products were observed.
Where possible, the starting material was dilstllled from the
sample tube, and the residue was weighed. This residue, called
"volymer" in this report, included all materials boiling higher
than the starting compound. The polymer yield 1s expressed in
Table IIT as welght percent and as G value, the radiation yleld.
This latter value 1s the number of monomer molecules that react
to form polymer per 100 ev of radlation.

- N x moles of monomer going to polymer/gm

G (polzmer) T
where N Avogadro's number

I
C

nnn

dose 1n rep
conversion factor for rep to 100 ev/gm

Table III summarizes the polymer ylelds and visual and physical
property changes effected by radiation. The polymer ylelds of

1 to 84% and radiation yilelds of 4 to 322 are encouraging. The
relationshlp between chemical and radiolytic yleld 1s not linear
since the latter depends on molecular weight and radiation dose.
In general, radlation ylelds above 3 are assumed to indicate
chaln reactions since an average of ~33 ev 18 required for the
formation of a radical or an ion pair. Thus, the radiation
ylelds obtained indicate chain processes.

In most cases, however, the polymers obtained were heavy syrups,
indicating relatively low molecular welght.

The most radiation-sensitive system uncovered was proplolic acid
(G>R00). However, the product was of low molecular weight since
less than 10% was non-distillable under high vacuum. Other highly
sensitive systems observed were as follows: among the alcohols

and diols, l-ethynyleyclohexanol (G = 32) and butyndiol (G = HO)
were the most sensitive. Among the acids, in addition to propiolic
acid, phenylpropiolic acid (G = 73) was also very sensitive and
gave a solid polymer.

5
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TABLE

I

STRUCTURAL FORMULAS OF ACETYLENIC
DERIVATIVES STUDIED

Name

Formula

1-Butyn-3-0l
3,5-Dimethyl-1-hexyn-3-o0l
1-Ethynylcyclohexanol

3-Methyl-1-butyn-3-ol
3-Methyl-l-pentyn-3-ol

Propargyl alcohol (l-propyn-3-ol)

2-Butyn-1,4-diol

2,5~Dimethyl-3-hexyn-2,5-diol
3,6-Dimethyl-4-octyn-3,6-diol
2,5-Diphenyl-3-hexyn-2,5-d1iol

Acetylenedicarboxylic acid
Phenylpropiolic acid

Propiolic acid

n-Butyl propiolate

sec-Butyl proplolate

iso-Butyl proplolate

t-Butyl propilolate
2-Butyn-1,4-dipropiolate
p-Carboethoxyphenyl proplolate

Dimethyl acetylenedicarboxylate
Ethyl propiolate

Methyl propilolate

B-Naphthyl propiolate

Diols

Alcohols

HC=C-CH(OH)CH3
HC=C-C (OH) (CH3 ) CHpCH(CH3 )2
HC=C>C<OH

2 CHp
EHg EHQ

CH

HC=C- nggggCH3

HC=C-C

CH3§CHQCH3

HC=C-CHpOH

CHQOH -C=C-CHpOH

CH3

% CH3

Aclds

OH- c c C (OH) (CH
CoHs )OH-C=C-C (0

OH-CE i:f:fH)(CH3

HOOC-C=C-
=C-

COOH
COOH

HC=C-COOH

Esters

6

HC=C~-CO0

(CH2)3

HC=C- COOCH(CH
HC=C- COOCHQCH %
HC=C-C00C (CH3)

HC=C-COOCHoCEC=CHp0C0-C=CH

HC=C-COO

COOC2Hs

CH3-0C0-CZC-COOCH3
HCEC-COOCHpCH3

HC=C- COOCHi

HC=C-COO0
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TABLE I (Cont'd.)

Name Formula
Neopentylene dipropiolate HC=C-COOCHp)2C (CH3 )2
Pentaerythritol tetrapropiolate HC=C-COOCH2 )4 C
Propargyl proplolate HC=C-COOCHp-C=CH

Acld Derivatives

Acetylenedicarboxamide NHpCO-C=C-CONHp
Acetylenedicarboxyllic acld, mono-

potassium salt HOCO-C=C~-COOK
N- (p-Carboethoxyphenyl)proplolamide HCEC—CONH+<::>-COOC2H5
Propiolyl chloride HC=C-COC1

Halides

5-Chloro-l-pentyne HC=C (CHp)3C1
1,4-Dichloro-2-butyne C1CHp-C=C-CH2C1
Dilodoacetylene IC=CI
Phenylbromoacetylene <::>LCEC—Br
Phenyliodoacetylene <::>*CEC'I

Propargyl bromide (3-bromo-l-propyne) HC=C-CHoBr
Propargyl chloride (3-chloro-l-propyne) HC=C-CH5C1

Hydrocarbons
Diphenylacetylene CeHrC2C-CeH
1-Dodecyne KC= -(CH2§ gH
3-Methyl~-3-buten-l-yne HCEC—C(CH3§=C 2
Phenylacetylene(ethynylbenzene) HC=C-CgHx

Miscellaneous
Bis-1,4-(hydroxyethyloxy)butyne-2 HO (CHp ) p-0-CHp-C=C-CHy-0- (CHp ) 20H
2-Butyn-1,4-diacetate CH3COOCH2-CEC—CH2-OCO-CH3
Diethylpropargylamine HCEC-CHpo-N(CpHg) 2
Ethoxyacetylene HC=C-0-CoH
Phenylpropargyl aldehyde C6H5CEC—CH8
Phenylpropargyl aldehyde acetal CeH5C=C-CH(OC2Hs ) 2

7
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TABLE II

ACETYLENE DERIVATIVES USED IN
RADIATION POLYMERIZATION

System Source Purification
Alcohols
1-Butyn-3-0l Farchan Distill
3,5-Dimethyl-1-hexyn-3-o0l Air Reduction Chem. Distill
1-Ethynylcyclohexanol Air Reduction Chem. Distill
3-Methyl-1-butyn-3-ol Alr Reduction Chem. Distill
3-Methyl-1l-pentyn-3-0l Air Reduction Chem. Distill

Propargyl alcohol

2-Butyn-1,4-diol

2,5-Dimethyl-3-hexyn-2,5-diol
3,6-Dimethyl-4-octyn-3,6-diol
2,5-Diphenyl-3-hexyn-2,%5-diol

Acetylenedicarboxylic acid

Acetylene dicarboxylic acid,
anhyd.

Phenylpropiolic acid
Propiolic acid

n-Butyl propiolate

sec-Butyl propiolate

iso-Butyl propiolate
2~-Butyn-1,4-dipropiolate
p-Carboethoxyphenyl propiolate
Dimethyl acetylenedicarboxylate

Matheson Coleman & Bell Distill
Diols

General Aniline & Fllm Distill

Alr Reduction Chem. None
Alr Reduction Chem. None
Alr Reduction Chem. Distl1l1l
Acids
Aldrich Chem. None
Aldrich Chem. Dried over HoSO4
Synthesized Distill
Aldrich Chem. Distiil
Esters
Synthesized Distill
Synthesized Distill
Synthesized Disti1ll
Synthesized Distill
Monsanto, R&E None

Matheson Coleman & Bell Distill

8
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TABLE II (Cont'd.)

System Source Purlfication
Ethyl proplolate Farchan Distill
Methyl proplolate Synthesized Distill
B~Naphthyl propiolate Monsanto, R&E None
Neopentylene diproplolate Monsanto, R&E Distill
synthesized recrystallized
Pentaerythritol tetrapropiolate Monsanto, R&E None
Propargyl proplolate Synthesized Distill

Acid Derivatives

Acetylenedicarboxamide Synthesized

Acetylenedicarboxylic acid, Aldrich Chem.

monopotassium salt

Acetylenedicarboxylic acid,
monopotasslium salt, anhyd.

Aldrich Chem.

N- (p-Carboethoxyphenyl)propiol- Monsanto, R&E

amide
Proplolyl chloride

5~Chloro-l-pentyne
1,4-Dichloro-2-butyne
Diiodoacetylene
Phenylbromoacetylene
Phenyliodoacetylene
Propargyl bromide
Propargyl chloride

Diphenylacetylene
1-Dodecyne
3-Methyl-3-buten-1-yne
Phenylacetylene

Synthesized

Halldes

Farchan

General Aniline & Film
Synthesized

Synthesized

Synthesized

Matheson Coleman & Bell
Aldrich Chem.

Hydrocarbons

Matheson Coleman & Bell
Farchan

Matheson Coleman & Bell
Matheson Coleman & Bell

9
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Dried over HpSOy

None

Dried over HpSOy

None

Distill

Distill
Distill
Distill
Distill
Distill
Distill
Distill

None

Distill
Distill
Distill



TABLE ITI (Cont'd.)

System Source Purification
Miscellaneous
Bis-1,4-(hydroxyethyloxy)butyne-2  General Aniline & Film Distill
2-Butyn-1,4-diacetate General Aniline & Film  Distill
Diethylpropargylamide Peninsular Chem. Distill
Ethoxyacetylene Pfister Chem. Distill
Phenylpropargyl aldehyde Synthesized Distill
Phenylpropargyl aldehyde acetal Synthesized Distill

10
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Radiation ylelds were not determined for acetylenedicarboxylic
acid, a heat-sensitive solid monomer, since the monomer could

not be distilled from the reaction mixture to determine the
polymer formed. Other separation methods tried were also unsuccessful

Among esters there was generally falr radlation sensitlvity
with the monofunctional monomers and very high sensitivity among
the polyfunctional monomers. Both neopentylene diproplolate and
pentaerythritol tetrapropiolate polymerized completely to
infusible solids. A third polyproplolate, butyne diproplolate,
gave a 50% yield with G = 100. A similar monomer but containing
only one double bond, butyne dilacetate, gave similar results,
G = 100, While the dipropilolate gave solid products, the
dlacetate ylelded an oil. Among the halides, phenylbromoacetylene
Yas the most sensitive (G = 94); propargyl chloride was second

G

In addition to the acetylenic derivatives borazole was radlolyzed
in an attempt to form a dihydroborazole polymer which could be
dehydrogenated to a polyborazole, a completely conJugated systen.
A radiatlon yleld of G = 10 for polymer formation at amblent
temperature indlcated poor radlation sensitivity under the con-
ditions used. A similar radiolysis with borazole containing
11.8% polymer indicated that radiation depolymerized the

inltial polymer.

CHEMICAL STRUCTURE CORRELATIONS The screening program pro-

vided data which were used 1n studles designed to relate radilation
sensitivity to chemical structure.

Six commercial acetylenic alcohols and four diols were radiolyzed
to study the effect of structure modifications on polymerization.
So far, changes in the hydrocarbon structure of these materials
has not provided any strong leads. As summarized in Table IV,
radiation ylelds were low. The polymers formed were of low
molecular welght.

Structure/sensitivity studies on the propiolates are summarized
in Table V. The monoproplolates gave only falr ylelds, while
all of the polyfunctional proplolates appeared very sensitive.
Propiolic acld is included for comparison. .

The two acetylenic acids, shown below in Table VI, whose polymer

analyses were determined, were very sensitive, 1lndlcatilng that
the carboxylic acid group 1s a sensitizing group.

14
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TABLE IV
STRUCTURE/SENSITIVITY STUDIES FOR ACETYLENIC ALCOHOLS

Ry
HCEi-C-—OH
e Polymer
Formula Dose*, 7 el
Run System Ry Ro megarep Yield Value
218 Propargyl alcohol -H -H 29 2 14
1905 1-Butyn-3-o0l -H -CH3 30 2 9
241 3-Methyl-l-butyn-3-ol -CHs -CHg 28 5 20
4902 3-Methyl-l-pentyn-3-o0l —CH3 -C2H5 30 5 20
240 3,5-Dimethyl-l-hexyn-3-o0l -CHz  -1s0-CyHg 28 . 6 18
3448 1-Ethynylcyclohexanol -Pentamethylene- 27 9 32
Ry Ry
HO—i—CEC-g—OH
2 2
Formula
Ry Ro
219 2-Butyn-1,4-diol -H -H 29 9 40
3440 2,5-Dimethyl-3-hexyn-2,5-diol -CHg -CHy 46 3 6
3441 3,6-Dimethyl-l4-octyn-3,6-diol —CH3 —CEH5 46 3 4
243 2,5-Diphenyl-3-hexyn-2,5-diol -CHg -CgHs 48 11 10

¥Radiolyzed with y-rays in the solid state.
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TABLE VI

STRUCTURE/SENSITIVITY STUDIES FOR
ACETYLENIC ACIDS

Polymer

G
Run System Formula Yield Value
232 Propiolic acid H-C=C-CO0H 35 204
3444  Phenylproplolic acid  @-CsC-COOH 43 73

A comparison of the substituted phenylacetylenes shown below 1in
Table VII offers the most striking differences. Between the two
halogen subgtituted phenylacetylenes, phenylbromoacetylene gave
a G of 94 while phenyliodoacetylene irradiated under similar
conditions gave a G of only 4.

TABLE VII

STRUCTURE/SENSITIVITY STUDIES FOR
SUBSTITUTED PHENYLACETYLENES

gCsC-R

Polymer
Formula - % G
Run System ‘R Yield Value
1933 Phenylbromoacetylene -Br 45 94
3444 Phenylpropiolic acid -COOH 43 73
4921 Phenylpropargyl aldehyde -CHO 12 33
224 Phenylacetylene -H 3 11
4923 Phenylpropargylaldehyde acetal -CH(OCpHg)2 3 5
4934  Phenyliodoacetylene -I 3 4
214 Diphenylacetylene -7 1 4

All of the substituted phenylacetylenes in Table VII were
irradiated in the solid state for comparison purposes and wilth
the thesis that 1lonic reactions would be predominate. As
mentioned later, phenylacetylene may be easily polymerized to

a solid by heat at 140°C even though it exhibits little tendency
to polymerize at room temperature or below.

A more detalled investigation, which would Include product

identification, would be deslrable and should throw light on
the mechanism of radiation-induced acetylenlc polymerizations.

17
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IRRADIATION CONDITIONS Radiolytic polymerization processes

have been shown to be dependent on such variables as temperature,
state, dose, dose rate, purity, solvents, complexes, sensitizers,
etc. It is possible that conditions can be found which favor
acetylene derivative radlolytic polymerization to form long chaln
polyenes in reasonable ylelds. The problem is somewhat complexed
by the fact that radiation yield and high molecular weight
polymer formatlion are not synonomous. The latter 1s consldered
necessary in polyenes sultable for semlconductor use.

Neopentylene diproplolate and propiolic acld, both sensitive to
radiolytic polymerlzation, were studled as models to define
optimum conditions for radiolytic polymerization to high molecular
welght materlials. With them, appreciable and measurable changes
could be observed when controlling parameters were varied.

Our studles showed that polymerization of neopentylene dipropio-
late is sensitive to temperature and state. A post-irradiation
effect was also observed. These results and additional data are
summarized below in Table VIITI.

These data show the followlng trends.

1. Higher radiation ylelds are obtained by lrradlating neo-
pentylene diproplolate solidified from the melt rather than
material recrystallized from hexane.

2. A strong post-irradiation effect was observed in Run 1930:
the product was fluld immedlately after irradiation but
further polymerized to a hard glass on standing at ambilent
temperatures for 24 hours. Run 3404 defines the yield
under similar condltions, but the product was evaluated
before post-irradiation effects could take place.

3. Dose rate had no appreclable effect on the radlolysis over
the range of 0.7 to 3,700 megarep/hr.

4. Both temperature and state of the material during radiolysis
seemed to affect the products and the ylelds. Runs made in
the s0llid state yielded orange crystalline-llke solids while
those run in the melt ylelded dark-brown glasses. The G
values of the latter were undoubtedly conservative since
the polymer yield was 95% or better. This follows since
incremental radiation ylelds decrease with increasing con-
version due to dillution of the reactants.

5. The monomer 1s thermally stable up to 90°C. It could not
be polymerized with heat at 50°C (Just below its melting

point), in the 1liquid state at 70°C, or by peroxide-
initiation at 90°C.

18
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Propiolic acid, the most radiation sensitive material found in
this study was examined under a number of conditions in an
effort to increase the polymer molecular weight to form solid
materials. The data are summarized in Table IX.

The wide range of radiation ylelds observed at low temperature
indicates the sensitivity of the radiation-induced polymeri-
zatlon of propiollc acid to the irradiation conditions. Among
the variables we consider important but have not yet completely
defined are: purity; temperature profile during the irradiation;
post-irradiation effects; and solid structure. The latter may
be influenced by monomer purity and the method of freezing.

Some of the variables important in proplolic acid radiolysis
were deflned quite well, however.

Thus, irradiation at a high dose rate (3.7x10° rep/hr) with

2 Mev Van de Graaff electrons greatly reduced the polymer
radiation yleld_to 25 from over 300 for the Co-60 gamma irradi-
ated runs (7x105 rep/hr). This reduction was anticipated since
radiation yields for chain reactlons are dose-rate dependent.
The product formed at this high dose rate was predominantly a
black solid in contrast to the low molecular weilght polymer
obtalned from gamma-radiolysis at low dose rate.

Irradlation to low doses with gamma~-rays also greatly reduced
the radiation ylelds and suggests an induction period. This 1s
shown in the comparison (Table IX) of -78°C radiolytic polymeri-
zations at 15 and 28 megarep doses. At the lower dose the G
value was 31 vs. G values of 136 to 322 at the higher doses.
Irradlations in the liquid phase were significantly lower than
those observed in the s0lid phase,and these liquld phase
radiolyses seem to be temperature independent from 20 to 100°C.

Significant thermal polymerization begins at 100°C and 1s not
greatly enhanced by benzoyl peroxide. The thermally produced
polyrer 1s similar in appearance to that produced by radiolyses.

Also summarized in Table IX are a series of studies in which
other materials were radiolyzed with propiolic acid. In these
runs the radiation yields were based on acid-base titration
values of the 1solated polymer and of the recovered starting
materials. 1In most runs a falr material balance was observed.
Since some decarboxylation or carboxy group interactions may
take place, these values should be considered tentative. The
chemlcal yields obtained in these systems may be conservative
since during the distillation of the higher bolling monomer
some adducts of the lower bolling monomer may distill.
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The most striking differences are noted in the low temperature
runs. Diphenylacetylene, 1ltself a comparatively radiation-stable
monomer, effectively stabilizes the sensitive proplollc acid.

The polymer produced had only 3% titratable propiolic acid. On
the other hand, water and sec-butyl proplolate both form sensi-~
tive systems with propiolic acid. Finally, acetonltrile,
phenylacetylene, t-butanol, ethyl ether, and malelc anhydride
form only moderately senslitlve systems wilth propiolic acid.

Among these later systems 1:1 interactions of propiolic acid

with the second component was observed. With water, acetonitrile
and t-butanol this 1:1 interaction appears to be the only reactlon
taking place. These 1:1 interactions could result from addition
of a reactive hydrogen to the acetylene bond. In these cases

the specific products were not deflned. Theycould exist as 1:1
adducts or polymers thereof.

Since the polymerization was believed to be ionic, a high di-
electric solvent, such as water, could lmprove the process. This
should occur by solvation of electrons formed during lonization
which would Impede neutralization. Thus the positively lonized
acetylene would have a longer life and enhance the polymerization.
On the other hand, use of a solvent dilutes the energy absorbed
by the acetylene thus lowering radiation yields. As mentioned
above the results indicate a water-propiolic acld interactilon,

but stlll involving a chaln process rather than homopolymeri-
zation of the propilolic acid.

Acetonitrile, a molecule which may react by dissociative capture

with an electron, could trap electrons formed from the lonizatlon
of propiolic acid, thus increase the lifetime and probability of

polymerization 1nitiation by the positively lonlzed acetylene.

In the acetonitrile/propiolic acid system, G values for the dis-

appearance of both components were simllar and lndicated an equal
molar interaction.

Benzoquinone, a free radical inhibltor, should lower the radiation
yleld of free radical reactions. This was not observed. Maleic
anhydride 1s a well-known comonomer in free radical reactions and
also 13 very reactive with diene systems. It was hoped that the
maleic anhydride would react with the growing conJugated chain
via a Diels-Alder additlon. This could promote chain growth via
reduction of termination via cyclization. Then a thermally
Induced reverse Diels-Alder would cleave malelc anhydride from
the polymer molecule and produce the desired long chaln polyene.
Unlike all other propiolic acid runs, the malelc anhydride
propiolic acid system gave all solid polymer with a 62% maleic
anhydride content. The proplolic acid-malelec anhydride reaction
product was evaluated but sufficient time was not available for
the planned reverse Diels-Alder experiment.
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Grafting of proplolic acid to high density polyethylene (ZPE)
and polyacrylonitrile (PAN) was attempted, to see 1f this
technique would favor formation of a long chain polyene. In
this case removal of the growing polymer from the reaction
mixture could reduce chain termination. 1In both cases low
molecular welght polymer predominated.

With polyethylene, despite the fact that the latter was not
well-wetted by the propilolic acid, 8% of the propiolic acid
was converted to polymer, of which 25% (2% of original acid)
was bonded to the polyethylene. 1In contrast with polyacrylo-
nitrile, which was swollen by the propiolic acid, 16% of the
propiolic acid was converted to polymer of which only 2%
(0.3% of original acid) was bonded to the polyacrylonitrile.

At 120°C, the proplolic acid/phenylacetylene system was
radlation-sensltive. Part of thils sensitization was due to a
thermal reaction, since phenylacetylene, as was found later in
thils study, is quite thermally sensitive, completely polymeriz-
ing in 48 hrs at 140°C.

With the exception of the maleic anhydride/propiolic acid
system, all other propiolic acid systems attempted (Table IX)
failed to show large increases in polymer molecular weight,
compared to homopolymerization of the acid.

Unlike propiolic acid, the radiation-induced polymerization of
diphenylacetylene (Table III) does not appear to be sensltive

to changes in state or in dose rate. In each case the radilation
yvields are quite low..

Phenylacetylene (Table III), also generally insensitive to dose
rate and phase changes, 1is qulte thermally sensitive above 100°C.
The products from this system are solids, and from solubility
data appear to be of low molecular welght. The thermally pro-
duced polymer 1s similar to that formed under radiolysis.

The effect of acetylene complexing agents on the radilolytic
polymerization of acetylene derivatives was investigated using
the methyl propiolate/pyridine system. Such complexes could °
favorably direct the polymerization by affecting the initiation
and propagation steps. TIn addition, the type of polymer formed
could be altered by changes in side reactions. Specifically,
retention of the complex at the unsaturated bonds of the polyene
could prevent thelr further reaction, and favor retention of
conjugation in the chain.

Radiolysis of methyl proplolate and methyl propiolate/pyridine

complexes (J. Chem. Soc. 1961, 3497) in 1:1 and 2:1 ratios were
conducted for comparison, as summarized in Table X.
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TABLE X

LOW TEMPERATURE RADIOLYSIS OF METHYL
PROPIOLATE/PYRIDINE COMPLEXES

Dose, Polymer
Run System* megarep % G Value
4901 MP 29.7 3.7 20
3442 MP/Py 51:1; 27.2 5.2%% 14
3443 MP/Py (2:1 27.2 10, 3%%* 10
*MP = methyl propiolate; MP/Py = methyl propiolate/
pyridine
**Corrected for 17.3% solids formed in absence of
radiation
*%¥*Coprrected for 19.2% solids formed in absence of
radiation

In general, irradiation condlitlons seem important but no con-
sistent pattern has emerged. The dose rate, important with
proplolic acild, has no effect with neopentylene dlproplolate.
Temperature and state affect neopentylene diproplolate, but
similar large differences wlth B-naphthyl propilolate are not
evident. Solvent effects with proplolic acild were inconclusive.
Complexes may be very Ilmportant for specificity and radiation
sensitivity.

CHEMICAL AND PHYSICAL PROPERTIES Very little work has been

undertaken in thils area since most of the products obtained have
been o0ils. The thermal stabllity of neopentylene diproplolate
polymer, a high molecular welght, infusible, and 1lnsoluble
material, was briefly studlied. The glass-llke materlal obtained
by irradiating at 150°C was heated at 400°C for 5 hr under high
vacuum. Over the interval, a considerable amount of volatille
material distllled and the continued poor vacuum indicated
extensive decomposition. Heating at 300 to 350°C for short
intervals caused little decomposition.

Some attempts were made to distill the irradiated products under
high vacuum and at moderate temperatures, so as to measure the
higher boilers (residue). The data are summarized in Table XI.

As shown, only small amounts of materlals were obtained as high
bollers in most systems where monofunctional acetylenic derlvatives
were studled. Phenylpropiolic acld polymer was an exception, giving
85% high polymer. In all polyproplolate monomers, 1.e. where the
monomer had 2 or more acetylene groups, infusible sollids were
obtained, indicating high molecular welght materials.
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TABLE XI
DISTILLATION OF CERTAIN ACETYLENIC DERIVATIVES

Polymer % Non-volatiles
% ¢) in the Polymer
Run System Yield Value 100°C 150°C 200°C
218 Propargyl alcohol 2 14 15
1912 Propargyl chloride 3 18 77
1911 Propilolic acid 55 322 10
7364 Proplolic acid/benzoquinone 16 91 35
1921 Propiolic acid/t-butanol 11 32 31
3444 Phenylpropiolic acid 43 73 85 11
219 2-Butyn-1,4-diol 9 40 2
1933 Phenylbromoacetylene 45 ol
4947 Diphenyl acetylene 18 10 1
4905 2-Butyn-1,4-dipropilolate 51 103 97
4912 2-Butyn-1,4-diacetate 78 96 21 18
4914 Bis-1,4-(hydroxyethyloxy)- 21 57 50

butyne-2
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ELECTRICAL PROPERTIES Data on the electrical properties of

the acetylenic monomers and thelr radlatlon-produced polymers,
are summarized in Table XII. Properties measured included
resistivity at amblent temperatures, resistlvity as a functlon
of temperature, and thermoelectric power.

For resistivity at room temperature, resistance was measured
using rectangular pellets or powders. The values, dependent on
the sample slze, were normalized by use of the following
relationship:

where €n 1s resistivity of the material at temperature T, R is
measureg sample resistance (ohms), A is sample cross-sectional
area (in sq cm) measured perpendicular to the flow of current
and L is sample length (in cm) or the distance between the
electrical junctions. The resistivitles of known organic
semiconductors lie between 10 and 1019 ohm-cm.

Almost wilthout exception in semiconductors, it is found that

the resistivity, €, has a negatlve temperature coefficlent and

a linear relationship between 1nf and 1/T which can be expressed
as follows:

e - eo exp (€/2kT).

é:is the measured resistivity at a given temperature (ohm-cm),
o 1s obtalned by extrapolating the resistivity when 1/T = O
which 1s characteristic of a given material, € 1s the energy
gap in electron volts, k is Boltzmann constant and T the
temperature in °K. The factor of two, used in this expression,
is commonly employed in organic semiconductor studies. The
resulting energy term €, obtained from the band theory, 1ls the
energy gap. This is usually related to the energy of production
of charge carriers and 1s 1/2 the activation energy, E. The
slope of log € vs. 1/T is proportional to €, and values of 0.1
to 3 are common in organic materials.

It was recommended that electrical propertles for evaluating
polyenes be the same as those used for evaluating semlconductors
such as silicon. Examination of the measurements normally made

on semiconductors suggests that best comparisons should be done
initially with resistivity and associated temperature coefficlents.
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As shown in Table XII electrical resistivity was the chilef
property determined. Other properties, such as resistivity as
a function of temperature, Seebeck effect, photoconductivity,
etc. were not measured on all samples, since the resistivity
values found were too large to warrant these additional measure-
ments. Resistivity vs. temperature measurements on monomeric
and polymeric neopentylene dilproplolate showed a negative
temperature coefficlent with an energy gap of 0.634 ev for the
monomer. No temperature coefficient was observed with the
polymer. Attempts to measure a thermoelectric emf, or Seebeck
effect, on neopentylene diproplolate before and after irradl-
ation at high temperature have falled wlth no thermal emf
detected.

In this study a tentative goal of 103 ohm-cm was set for resis-
tivity Xglues. Actual values obtained ranged from 1.6x105 to
1.18x10 ohm-cm. Sufficient solid samples were not obtained
to permlt detailed definition of those structures which would
lead to resistivities equal or lower than the desired goal.
However the following important patterns are evident from the
results in Table XII:

1. The resistivity 1s hilghly dependent on the state of the
material. Neopentylene dipropiolate monomer pelletg pre-
pared from fused material had resistivity values 107 fold
lower than pellets prepared from small crystals. Similarly,
poly%iiodoacetylene in a large mass gave resistivity values
3x10° fold smaller than those of a powdered sample.

2. Resistivity values of certain monomeric acetylene deriva-
tives are strikingly low for organic materials, e.g.,
phenylproplolic acld and acetylenedicarboxylic acid.

3. Polymerizatlon of the acetylene derivatlves does not lead
to appreciable changes in resistivity values; e.g.,
acetylenedicarboxylic acid, acetylenedicarboxylic acid
monopotassium salt, neopentylene dipropiolate, and phenyl-
proplolic acid.

4. Resistivity values of polymers of acetylenedicarboxylic
acld, dilodoacetylene, phenylpropiolic acid and metgyl
propiolate/pyridine complexes ranged from 105 to 10
ohm-cm and are considerably lower than polymers from
polyproplolates, phenylacetylene, diphenylacetylene and
acetylenedicarboxamide.

These results suggest the following potentially fruitful areas
for obtaining polymers of low electrical resistivity: phenyl-
acetylene polymers with carboxyl substituents on the phenyl
group and polymers from dlethynyl aromatics. Modifications of
the former type by operation on the carboxyl group of the formed
polymer could lead to selection rules for improving resistivity.
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Various polyvalent metals appear to be good possibilities. With
diethynyl aromatics, the polyfunctional monomers could lead to
cross-linked high melting solid materials with large uninterrupted
conjugation. These would contrast with the polypropiolate
polymers which also cross-link to high melting solids but whose
conjugation is iInterrupted by the non-conjugatgd alkyl portion

of the molecule. The resistivity values of 10° to 1010 for these
polyproplolates suggests that substantial resistivity reductions
may be possible by use of completely conjugated groups connecting
the acetylene functlons.

IV. EXPERIMENTAL

CHEMICAL SYNTHESIS

1. Butyl Proplolate To a 500~ml1 flask was charged 100 ml
benzene, 14.0 g (0.2 mole) of previously distilled propiolic .
acid, 16.6 g (0.22 mole) of n-butanol and 0.1 g p-toluenesulfonic
acid. The flask, equlpped with a stirrer, Dean-Stark trap, and
condenser, permitted water removal azeotropically. Refluxing

15 hr gave 2.8 ml water, indicating a 74% yield. After washing
the reaction mixture with water and distilling the solvent
benzene, furt%gr distillation yielded 18.3 g %73%) n-butyl

proplolate, n 1.4211.

Isomeric butyl and other propiolates were also made by this
procedure and are listed below:

Compound Yield nBS B.P. °C mmHg
sec-Butyl propiolate 30 1.4220 25 0.05
iso-Butyl propiolate 56 1.4170 25 0.05
Propargyl propiolate 28 1.4445 55-56 7.60
Methyl propilolate 36 1.4742 1 0.65
2-Butyne-1,4-diproplolate 14 110-120 0.05 -
2. Neopentylene Diproplolate This materlal was prepared on

a large scale (0.75 mole) by a procedure simllar to that des-
cribed above. To 110-ml benzene was added 78 (0.75 mole) of
2,2-dimethyl-1,3-propanediol, 100 g (1.43 mole% of propiolic

acid and 1 g of p-toluenesulfonic acid. The 25 ml water obtained
indicated a 97% yield. After the benzene solution was water-
washed, distillatlon gave 134 g (89%) neopentylene dipropiolate.
(Previous Monsanto experlience has shown that extreme caution 1s
required 1n the large-scale distillation of pure propiolate esters,
since violent explosions may occur.) The product was further
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purified by two recrystallizations from n-hexane to produce white
needles, m.p. 61-62°C. Numerous distillations of pure material
on a 1-2 g scale under high vacuum have been conducted with no
exploslons.

3. Phenylbromoacetylene Using the procedure of Truce, et al.,
J. Am. Chem. Soc. 78, 2760 (1956), phenylacetylene (10 g, 0.098
mole) was slowly added to a sodium hypobromite solution formed

by the slow addition of 160 g (1 mole) bromine to 120 g (3 mole)
sodium hydroxide in 250 ml water. After stirring for two hours,
the mixture was extracted with ether, the ether layer was dried
with MgSOy, and distilled to yleld 3_g (11%) of phenylbromo-
acetylene, b.p. 49-52°C/4 mm, and nf> 1.6045.

4. Phenyliodoacetylene To a 1000-ml 3-neck flask equipped
with a mechanlcal stirrer and a dry ice condenser was added 25 g
(0.1 mole) of iodine. After cooling the flask in a liquid
ammonia bath, 500 ml of liquld ammonla was qulckly added to the
flask with vigorous stirring. To this stlrred solutlion was added
dropwise 21 g (0.2 mole) of phenylacetylene in 25 ml of ethyl
ether. The ammonla solution, dark green and contalning sollilds, :
after 2 1/2 hr became clear-yellow. The cooling bath was removed
and the solution was allowed to evaporate to about 50 ml. This
solution was poured into a mixture of 200 ml water and 200 g of
lce. The product separated as a red oll. This red oil was
washed with 100 ml of 15% sodium thilosulfate solution and then

W gh water. The crude yleld of oil was 30.4 g (0.13 mole), 65%,
n% = 1.5992. A small quantity was purified via distillation

and gaée a yellow liquid, b.p. 80-90°C/0.1 mm, nf>-5 1.632L4

(11t nk2 = 1.6591).

5. Phenylpropiolic Acid Using the procedure of Abbott and
Althansen, Org. Synthesis, Coll. Vol. II, page 270, and Abbott,
Org. Synthesis, Coll. Vol. II, page 515, phenylpropiolic acid
was prepared starting with ethyl cinnamate. One mole, 159.8 g,
of bromine was added in small portions with stirring to a cooled
solution of 176.2 g (1 mole) of ethyl cinnamate in 100 ml carbon
tetrachloride. After standing one hour, part of the carbon
tetrachloride was evaporated to precipitate ethyl a,B-dibromo-
B-phenylpropionate, which after ailr-drying, weighed 276.6 g

(82% yield). The dibromo ester, 252 g (0.75 mole) was dehydro-
bromlnated and hydrolyzed with hot alcoholilc potassium hydroxide
(189 g KOH in 900 ml of 95% ethanol) for 5 hr. After neutraliz-
ing the solution with concentrated hydrochloric acid and filter-
ing the precipltated salts, the ethanol was removed by distil-
lation. The distillation residue and accompanying precipitated
salts were dissolved in 800 ml water, cooled with ice, and
acidifled with excess 20% sulfuric acid. The precipitated
phenylpropiolic acid was flltered with suction. Purification was
effected by treating an alkaline solutlon with decolorizing
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carbon, precipltating the acid with sulfuric acid, and recrys-
tallizing the phenylproplolic acid from carbon tetrachloride.
The yield of white needles was 27 g (25%). An additional 24 g
(22%§ was obtalned from the mother liquor.

6. . Propiolyl Chloride Propiolic acid, 70 g (1.0 mole), and
281 g (2.0 mole) benzoyl chloride was charged to a 500-ml flask
containing a thermowell. The flask was qulckly attached to an
8-inch Vigreux column and distillation head fitted with a calcium
chloride drylng tube. The flask was heated rapidly until dis-
tillation began (~30°C head temperature), and then the heat was
reduced to a minimum consistent with steady distillation. Flask
temperature was not allowed to exceed 200°C. The distillate
collected was lmmedliately redistilled through the same column
yielding 16.7 g (18.4%) of propiolyl chloride, a colorless
1iquid, b.p. 55-56°C; nf° 1.4191. Propiolyl chloride is highly
volatile, lachrymatory and potentially explosive. It is stable
up to several weeks when stored at -10°C.

7. Acetylenedicarboxamide Using the procedure of Blomquist
and Wilson, J. Org. Chem. 10, 149 (1945), acetylenedicarboxamide
was prepared by the careful addition of 20 g dimethyl acetylenedi-
carboxylate (0.14 mole) to a vigorously stirred 80 cc of concen-
trated ammonia solution cooled at -10°C. Stirring was continued
for one hour longer. The precipitated amide was filltered,

washed with 20 ml ethanol and dried 7 days 1n a vacuum desiccator.
A 12.5 g (78%) yield of the dry amide, m.p. 196-205°C, was
obtained.

8. Diiodoacetylene An attempt to prepare diiodoacetylene by
the method of Dehn, J. Am. Chem. Soc. 33, 1598 (1911), failed.
The method consists of adding a sodium hypochlorite solution and
acetylene to a potassium iodide solution. (Air must be rigidly
excluded since even traces will ignite the dichloroacetylene
by-product which forms on the dropping funnel containing the
hypochlorite solution.)

The method of Vaughn and Nieuwland, J. Am. Chem. Soc. 54, 787
(1932), was successful. Liquid ammonia, 750 ml, was added as
rapldly as possible to 100 g (0.79 molej iodine in a cooled
2-1l1ter flask equipped with a stirrer and a dry ice reflux
condenser. The reaction was quite violent and some iodine
vapor was lost. Acetylene was then bubbled rapidly into the
solution. A 4-8 mm glass tube was used for the acetylene inlet
to prevent clogging at the inlet. After 2-1/2 hr the solution
cleared, indicating the end of the reaction. The flask was
heated on a steam bath to evaporate the ammonia to a volume of
150 ml.
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The addition of 500 ml of water precipltated dilodoacetylene,
which was filtered wlth suction and pressed dry with a sheet of
rubber. The moist dilodoacetylene was dissolved 1n 300 ml
n-hexane, the solutlion was dried over calcium chlorlde, decanted,
cooled with dry lce and the crystallized diiodoacetylene was
filtered through a cold funnel. A 30 g (54%) yield of dried
white crystals, m.p. 77-79.5°C, was obtained. An additional

8 g (14%% of product was obtalned by crystallization from the
mother liquor. Dilodoacetylene sublimes under vacuum and will
explode on impact or friction. In a sealed tube the diilodo-
acetylene exploded at 110°C, yielding what appeared to be
iodine and carbon.

9. Phenylpropargyl Aldehyde Using the procedure of Allen
and Edens, Org. Synthesis, Coll. Vol. III, page 731, phenyl-
propargyl aldehyde was prepared starting wlth cinnamaldehyde.

A solution of 44 g (0.33 mole) of cinnamaldehyde in 167 ml of
acetic acld was charged to a 500-ml flask equipped with a reflux
condenser, stirrer and dropping funnel. After cooling to 0°C,
53.5 g (0.33 mole) of bromine was added with vigorous stirring,
followed by 23 g (0.17 mole) of anhydrous potassium carbonate.
After evolution of COp had ceased, the mixture wasg refluxed for
30 minutes, cooled and poured into 435 ml of water. The crude
precipitated a-bromocinnamaldehyde was flltered and recrystal-
1ized grom aqueous ethanol. The yileld was 46 g (66%), m.p.
70.5-74°C,

A mixture of 45 g (0.21 mole) of a-bromocinnamaldehyde, 50 ml
(0.3 mole) of ethyl orthoformate, 40 ml of absolute ethanol
and 0.5 g of ammonium chloride was refluxed 30 minutes and
distilled, giving 50.5 g (83% yleld) a-bromocinnamaldehyde
acetal, nf° 1.5360.

Dehydrobromination was effected by refluxing 50 g (0.18 mole)

of the a-bromocinnamaldehyde acetal with ethanolic potassium
hydroxide (21 g potassium hydroxide in 200 ml absolute ethanol)
for 1.5 hr. After adding 1.5 liters of water, an oll separated
and the mixture was extracted with three 170-ml portions of
chloroform. The chloroform solution was washed with three

75-ml portions of water and dried over sodium sulfate. Dis-
tillation (after removing the chloroform) gave 31.3 g (90% yield)
of phenylpropargyl aldehyde acetal.

Phenylpropargyl aldehyde acetal, 29 g (0.14 mole), was converted
to the aldehyde with 150 ml 2.4N sulfuric acid, by heating on a
steam bath for 30 minutes with occasional shaking. The aldehyde
was steam-distllled, extracted from the distillate with ether,
and the ether solution was dried over sodium sulfate. During
distillation, the major part of the aldehyde polymerized to a
solld resin, the yleld being 1.1 g ).
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10. Attempted Syntheses The followlng syntheses were
attempted unsuccessfully:

1. Dicyanoacetylene by dehydration of the dlamide with P205.
2. o-Cyanophenylacetylene from o-cyanoclnnamlc acid.

3. 3-Chloro-l-butyne from the corresponding alcohol using
thionyl chloride or a zinc chloride-hydrachloric acld
mixture.

4. Neopentylene diphenylpropiolate, phenylpropiolate, t-butyl
proplolate, 1,5-naphthylene dipropiolate, and 1,4-phenylene
diproplolate by acid-catalyzed esterifications from the

corresponding aclds and dihydroxy compounds.

SAMPLE PREPARATION Most of the irradiations were conducted

in glass break-seal tubes. These tubes, 14 mm dlameter/10 inch
over-all length, were fitted at each end with standard taper
Joints to enable filling and breaking while attached to the
vacuum manifold. This allowed strict control of the atmosphere
over the sample during the 1irradiation and while opening the
break-seal after irradiation.

The normal operation 1lnvolved attaching the open end of the
break-seal tube to the vacuum line and evacuating the system.
Distillable samples were distilled from another part of the
vacuum line 1into the break-seal tube. Nondistillable solids
were loaded into the break-seal tubes before attachment to the
vacuum line. While under high vacuum, the tube was sealed off
with an oxygen-gas torch. After irradiation the break-seal end
of the tube was loaded with a small iron bar and then attached
to the vacuum line. After the system was evacuated, the break-
seal was opened using a magnet to operate the iron bar for
rupturing the seal. The gas volumes were measured by noting
the pressure rise in the closed system.

.’

EVALUATION OF TIRRADIATED SAMPLES When possible the 1initial

monomer was distilled from the residue and the weight of residue
was reported as polymer. In other cases, the residue remaining
after the irradiated sample had been extracted with an appropri-
ate solvent 1n a Soxhlet apparatus was considered as polymer.

In a few.cases an aliquot of the irradiated sample or some of the
residue obtalned from an ordinary distillation was distilled at
several temperatures under high vacuum with a microstill. 1In
this way a crude separation of low molecular welght polymer,
dimer trimer, etc., was made from high molecular weight polymer.
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Visual, chemical and physical observatlons were made on the
irradiated samples and on the resulting polymers.

Electrical resistivity measurements were made on all solld
polymers, either as powder or pressed pellets. DBefore pressing
into pellets, the products were tested for shock and pressure-
sensitivity with the impact tester described below. Pellets,
1x0.2x0.2", were formed in a pellet press at 10 to 50,000 psi.
Silver paste contacts were made on the pellets and spring loaded
platinum contacts were used for all the powders. Resistance was
measured with a General Radlo Megohm Bridge (Model 544B). As
described in D-8 below (Figure 12), pellet samples were mounted
in a special holder which permitted measurements at varying
temperatures under atmospheric or vacuum conditions. Thermo-
electric power measurements were conducted in the apparatus
described in section D-7 below (Figure 11).

EQUIPMENT

1. Vacuum-Line A vacuum-line (Figure 1) was constructed
for sample preparation and purification, loading irradiation
vessels, and work-up of radiolyzed materials. The system was
set up in a hood. It consisted of a Welsh vacuum pump coupled
to an o1l diffusion pump and a 24-mm manifold. Connected to
the manifold was a sample loadlng, purification and work-up
system designed to handle the synthesls and work-up problems
visualized.

2. TImpact Tester A device for safely determining the impact
and pressure sensitivity of solids (Figures 2 and 3) was designed
and built. This device 1is essentially a small pellet press made
to allow for escaping gases. The rubber "0" ring at top helps
to direct the force of even a glancing blow 1nto a vertical
direction to the dowel piln. If an exploslon occurs, the gases
are vented between the body and the lower cap. The cap lnserts
at each end and the 1/8" dowel pin are of hardened steel. By
placing a small amount (<0.01 gg of sample 1n the assembly
behind a shield and striking, a small explosion can be safely
detected. TForces of about 100,000 psl can be used, which is
10-fold the pressure used to make pellets for electrical
measurements.

3. Pellet Press The pellet press 1is shown in Figure 4.
A 1-g sample ylelds a pellet 1x0.2x0.2". Generally, pellets
are formed under 10,000 psl by use of a 50,000 psi hydraulic
press.
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Vacuum System for Manipulation of Samples
Under Controlled Atmospheres

Figure 1.
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Figure 2. Impact Tester, Schematic

Figure 3. Impact Tester
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4. Irradiation Chamber A speclal irradiation chamber
(Figure 5) was designed and built to permit y-radlolysis of

1- to 5-g samples at varying temperatures. As shown, the unit
consists of a center stalnless steel tube, 15 mm ID and 15 in.
high, open at the bottom and closed at the top. When in opera-
tion, the Co-60 source, described later, may be driven up into
this center tube for irradiations. The cupllke device at the
bottom of this tube centers the tube in the reactor 'pig" and
together with the outer 5-inch diameter sleeve acts as a con-
tainer for dry l1ce or insulatlon. Also shown in Figure 5 1is a
turret of five copper tubular sample holders, 1 in. OD, 10 in.
high, and closed at the bottom, which have been soft-soldered
together. This turret fits snugly over the center source tube
so that when 1n place each tube i1s ldentical in geometry with
respect to the Co-60 source. Temperature is measured with
thermocouples placed either inside one of the copper tubes or
between the turret and the center source tube.

5. Co-60 Source Radiation was emitted from a 590-curie
Co-60 source (Figures 6-10). This source was made up of a
2-inch stack of l-cm dia. metal discs sealed in a stainless
steel capsyle (Figure 8). Similar discs, 2.5 in. high, made
from Mallory metal, are also sealed inside the capsule So when
the capsule 1s in a vertical position the Mallory metal discs
lie on top of the cobalt. The capsule is stored in a 24-in. -
dia./26-in. high lead storage plg which rests on a 5-ft metal
stand. A 30-in. dla./26-in. high lead-filled cylinder with a
9-in. dlameter center hole rests on top of the cobalt storage
plg. This 9-in. cylindrical void is partially filled with a
heater assembly, leaving a 5-in. cylindrical void for a reaction
vessel, namely the i1rradiation chamber previously described.

The over-all unit 1s pictured in Figure 6, while Figure 8
detalls the storager cylinder and capsule and Figure 9 the top
radiatlon shleld and heater. The irradiator is operated in a
vertical position as shown in Figure 6. The cobalt capsule is
attached to a rod which in turn i1s attached to a rack. This
rack 1s contacted with a pinion attached to a rod extending
through the wall to the control panel (Figure 7) in the galley.
Thus, by operation of a turning wheel attached to this rod,

the source can be remotely elevated or lowered with the rack
and pinion mechanism.

Also shown in Figure 8 is a specially designed top shield for
the storage plg. This shleld reduces the upward component of
the source's y-radiation. This shield consists of a rotating
3.5-1n. dia./7-1in. lead cylinder controlled by a rod attached
to a wheel at the base of the storage cylinder. When the lead
shleld is rotated over the Co-60 source, the y-ray intensity at
the reaction chamber top is reduced to <1 mr/hr. At this level,
the chamber can be loaded manually.
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Flgure 5. Irradlatlion Chamber Showing Center Source
Tube, Turret of Sample Tubeg, and Outer
Sleeve
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The entire unit (Figure 6) 1s housed in a specially designed
room having 1-ft thick concrete walls. Controls for this unit
(Figure 7) are located in an adjacent galley. The panel board
provides temperature and source control as well as pressure
control for closed systems.

6. Dosimetry The dosimetry of the sample positions in the
irradiation chamber was determined using the ferrous-ferric
dosimeter. A glass vessel containing an oxygen-saturated 0.8N
sulfuric acid solution of 10~3 M ferrous ammonium sulfate was
placed in the copper sample tubes of the ilrradiation chamber
and lrradiated. The amount of ferric lon formed was determined
by comparing UV absorption at 305 mu wlth standard curves made
with known ferric lon concentrations. The dosimetry was based
on a ferric ion yileld of 15.4 pmole/liter/1000 rep.

The dose rate was found to be 7x10° rep/hr.

7. Hot Probe for Thermoelectric Power Measurements The
device for measuring thermoelectric power 1s schematically
illustrated in Figure 11. Temperature differentials of up to
300°C can be obtained, limited by the melting or decomposition
point of the sample. Normally a pellet on the copper plate at
room temperature 1s contacted by the hot probe of known.temper-
ature by means of a screw drive. The temperature difference,
AT, between the ends of the specimen effects an emf which is
measured.

8. Pellet Holder for Resistivity Measurements The pellet
holder for mountlng samples for resistivity measurements is
11lustrated in Filgure 12. The glass sleeve permits measurements
in vacuum or lnert atmospheres and at low and high temperatures,
by use of suitable baths or furnaces. Depending on the resis-
tivity of_ the material, a megohm bridge, useful at resistances
up_to 1011 ohm and a vibrating reed electrometer, useful above
1011 ohm, are used. Electrical contacts are made with a silver
base paint.

V. CONCLUSIONS

1. Acetylene derlvatives are sensitive to radiolysis.

2. Radiatlon-induced polymerization of acetylene derivatives
is a chailn process.

3. The most radiation sensitive acetylenic monomers are:
propiolic acid, G = 322; neopentylene dipropiolate, G = 177;
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Figure 11. Hot Probe for Thermoelectric Power Measurements
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SAMPLE PLATFORM DETAILS

Figure 12. Pellet Holder for Resistivity Measurements
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pentaerythritol tetrapropiolate, G = 113; and 2-butyn-1,4-
diproplolate, G = 103. DModerately sensitive systems
include: phenylbromoacetylene, G = 94; 2-butyn-1,4-
diacetate, G = 96; phenylpropiolic acid, G = 73; and bis-
(2-hydroxyethoxyethyl)-butyne-2, G = 57.

Monomers containing one triple bond give low molecular
welght materials and monomers contalning more than one
triple bord gilve high molecular welght materials.

Among the functional groups, the carboxyl group appears
especlally sensitive.

Temperature, state, dose rate, purity, crystallinity and
the use of complexing agents and sensitlzers affect the
radiation yields but no consistent patterns were observed.

Little or no improvement in the electrical propertles of
the radiation induced polymers over thelr corresponding
monomers was observed.

The resistivities of acetylenic monomers are low with
respect to organic compounds and similar to values of their
respective polymers.

Resistivities of acetylene derivative polymers are highly
dependent on the physical structure of the solld polymer.

VI. RECOMMENDATIONS

Study the radiolysis products from a radiation-gensitive
model such as proplolic acld to devise methods for producing
high molecular weight polymer. Propilolic acid readily
undergoes radiation induced polymerization to low molecular
welght materlais. Premature chain termination, the chief
cause for this low molecular welght formation, may be
controlled with a better understanding of the radiolytic
by-products and polymerization mechanism.

Investigate radiolytic polymers and copolymers of diliethynyl
aromatics. Moromers containing multiple acetylene groups
readily polymerize with radiation to high melting solids.
With aromatic groups linking the acetylene functions, highly
cross-linked polymers with long uninterrupted conjugation
are expected, arnd would be expected to possess attractive
resistivity propertles. This area should include diethynyl
heterocyclics whose heterocyclic moiety 1is completely conJu-
g’ ed; e.g., diethynylferrocene. Such diethynyl aromatics
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could be used as comonomers to lncrease the molecular
weight of monoacetylenes which normally form low molecular
welght polymers.

Prepare and test polyene polymers from phenylacetylene and
phenylproplolic acld derivatives which have electron accept-
ing and donatlng substituents on the phenyl rings. Based

on the work reported above, such molecules are expected to
polymerize readlly under radiation to so0lid polymers. By
chemical operation on the substltuents on the phenyl rings,
resistivity and other semiconductor properties can be varied.

Select appropriate polymers from (2) and (3) above and
investigate the effect of physical structure on polymer
resistivity.

Prepare, polymerize and define the electrical properties
of simple acetylene derivatives contalning the following

substituents or combinations thereof: -CN; ~I;-Br;-BRo;
-CF3; and -MgBr.
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